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QUANTUM CASCADE LASER WITH
AUTONOMOUSLY ALIGNED EXTERNAL
CAVITY AND RELATED METHODS

RELATED APPLICATIONS

This application is based upon prior filed copending appli-
cation Ser. No. 61/876,308 filed Sep. 11, 2013, the entire
subject matter of which is incorporated herein by reference in
its entirety.

TECHNICAL FIELD

The present disclosure relates to the field of quantum cas-
cade lasers, and, more particularly, to external cavity quan-
tum cascade lasers and related methods.

BACKGROUND

External cavity quantum cascade lasers (QCLs) may be
used in high resolution molecular spectroscopy and molecu-
lar sensing applications. Stable optical feedback into the
active gain region of the QCL semiconductor crystal is very
sensitive to the precise alignment of the external cavity optics
since this active gain region has dimensions comparable to
the wavelength of the laser radiation, i.e. a few micrometers.
The external cavity is subject to alignment noise and drift,
which may degrade signal-to-noise ratio and sensitivity of the
system for its intended application.

SUMMARY

Generally speaking, a QCL may comprise a QCL crystal
having at least one emitting facet, and an active region adja-
cent the at least one emitting facet, the at least one emitting
facet for providing an electromagnetic beam. The QCL may
further include an optical cavity comprising at least one mir-
ror being external to the QCL crystal, and for redirecting the
electromagnetic beam into the active region of the QCL crys-
tal to provide optical feedback. The QCL may also include a
driver circuit for driving the QCL crystal with a constant
current, and a controller coupled to the optical cavity and for
dynamically and autonomously aligning the optical cavity
based upon at least one error signal from the QCL crystal to
maintain stable the optical feedback in the active region of the
QCL crystal. In some embodiments, the constant current may
comprise a plurality of constant current pulses.

Also, the at least one error signal may comprise a voltage
waveform across the QCL crystal based upon a varying
impedance of the QCL crystal. The voltage waveform may
include a plurality of spikes due to mode-hops during appli-
cation of the constant current to the QCL crystal, and the
controller may dynamically and autonomously align the opti-
cal cavity based upon magnitudes of the plurality of spikes. In
other embodiments, the controller may dynamically and
autonomously align the optical cavity based upon a minimum
value in the voltage waveform during application of the con-
stant current to the QCL crystal.

Moreover, the QCL crystal may comprise a reflecting facet
adjacent the active region and opposite the at least one emit-
ting facet. The at least emitting face may have an anti-reflec-
tion coating thereon. The optical cavity may comprise a feed-
back mirror external to the QCL crystal, and the QCL may
include atleast one motor coupled to control the optical cavity
to achieve feedback. The controller may be coupled to the at
least one motor and may align the optical cavity by at least
repositioning the feedback mirror. The controller may also
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dither alignment of the feedback mirror during application of
the constant current to the QCL crystal.

In another embodiment, the eternal cavity may further
comprise a collimating optic, and the collimating optic may
be a lens or a mirror, and the controller may be coupled to the
at least one motor and may align the optical cavity by at least
repositioning the collimating optic. In yet another embodi-
ment, the controller may be coupled to the at least one motor
and may align the optical cavity by at least repositioning the
QCL crystal. The QCL may further comprise an interferom-
eter for receiving the output of the optical cavity, and an
optical detector coupled to the interferometer.

Another aspect is directed to a spectrometer. The spectrom-
eter may include a container having at least one vapor sample
therein, and a QCL. The QCL may include a QCL crystal
having at least one emitting facet, and an active region adja-
cent the at least one emitting facet, the at least one emitting
facet for providing an electromagnetic beam, and an optical
cavity comprising at least one mirror being external to the
QCL crystal, and for redirecting the electromagnetic beam
into the active region of the QCL crystal to provide optical
feedback. The container may be positioned to allow the elec-
tromagnetic beam within the optical cavity to pass through
the container, and a portion of the electromagnetic radiation
may be extracted from the optical cavity for spectral analysis
to determine absorption by the at least one vapor sample in the
container. The QCL may include a driver circuit for driving
the QCL crystal with a constant current. The spectrometer
may further include a controller coupled to the optical cavity
and for dynamically and autonomously aligning the optical
cavity based upon at least one error signal from the QCL
crystal to maintain stable the optical feedback in the active
region of the QCL crystal.

Another aspect is directed to a method of operating a QCL.
The QCL may include a QCL crystal having at least one
emitting facet, and an active region adjacent the at least one
emitting facet, the at least one emitting facet for providing an
electromagnetic beam. The QCL may include an optical cav-
ity comprising at least one mirror being external to the QCL
crystal, and for redirecting the electromagnetic beam into the
active region of the QCL crystal to provide optical feedback,
and a driver circuit for driving the QCL crystal with a constant
current. The method may include dynamically and autono-
mously aligning the optical cavity based upon at least one
error signal from the QCL crystal to maintain stable the
optical feedback in the active region of the QCL crystal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of a gas sensor system based
upon an external cavity QCL, according to the present dis-
closure.

FIG. 2 is an image of a QCL crystal, which is bonded to a
mount, and which is wire bonded to conduct excitation cur-
rent from a suitable driver to the crystal, according to the
present disclosure.

FIG. 3 is an image of an implementation of the gas sensor
system of FIG. 1.

FIG. 4 is a schematic block diagram of control electronics
for the gas sensor system of FIG. 3.

FIG. 5 is a diagram of QCL voltage for one ~10 ms pulse of
constant current excitation, according to the present disclo-
sure.

FIG. 6 is a schematic block diagram ofa QCL, according to
the present disclosure.

DETAILED DESCRIPTION

The present disclosure will now be described more fully
hereinafter with reference to the accompanying drawings, in
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which several embodiments of the invention are shown. This
present disclosure may, however, be embodied in many dif-
ferent forms and should not be construed as limited to the
embodiments set forth herein. Rather, these embodiments are
provided so that this disclosure will be thorough and com-
plete, and will fully convey the scope of the present disclosure
to those skilled in the art. Like numbers refer to like elements
throughout.

A QCL includes a set of electrically-biased quantum wells
formed in a semiconducting crystal having a first reflective
facet, a second emitting facet, and an active region between
the first reflective and second emitting facets. The second
emitting facet may be for out-coupling of an electromagnetic
beam from the laser cavity formed by the facets.

In some embodiments, it is advantages to form an external
cavity, whereby one or both of the crystal facets are replaced
as laser-cavity mirrors by external mirrors separated from the
active crystal. These cavity mirrors may serve functions of
wavelength selection or output coupling, but generally all
have the common feature of providing optical feedback into
the active region of the crystal, which is necessary for stimu-
lated emission and lasing.

The QCL crystal is generally excited by a driver circuit that
provides constant current to create the conditions for optical
gain in the active crystal. The driver may provide pulses of
electrical excitation, whereby the constant current is applied
for durations of from 100 ns to tens of ms, or it may apply
continuous current excitation. The laser driver typically
adjusts the voltage applied to the QCL, in order to maintain
the condition of constancy of the applied current. Such volt-
age adjustments are necessary, because the impedance of the
QCL crystal is generally dependent on time, particularly in
pulsed mode of operation, due to changes in crystal tempera-
ture or the intensity and distribution of stimulated radiation
within the cavity.

The time-variable voltage applied to the QCL in order to
maintain the condition of the constancy of the applied current
therefore provides an indication of the conditions inside the
active crystal. In particular, it has been noticed experimen-
tally, see “Quantum cascade Laser Intracavity Absorption
Spectrometer for Trace Gas Sensing,” A. V. Muraviev, D. E.
Maukonen, C. J. Fredricksen, Gautam Medhi, and R. E.
Peale, Appl. Phys. Lett. 103, 091111 (2013), that in the case
of the external cavity QCL, the voltage applied to the crystal
under conditions of constant-current excitation depends on
the level of optical feedback. Thus, the voltage may serve as
an error signal from the active gain medium to a suitable
circuit that continuously adjusts the external cavity mirrors in
order to maintain stable and optimal optical feedback into the
active region of the QCL.

In some embodiments, the at least one error signal may
comprise a voltage waveform across the active gain quantum
device based upon a varying impedance of the active gain
quantum device. The observation is that when the feedback is
optimized, the active crystal impedance is minimized, so that
the voltage drop across the active crystal at the same constant
current is also minimized. The controller of the autonomous
alignment system may operate to align the optical cavity so
that the magnitude of the voltage across the active crystal
under conditions of constant current excitation is minimized.
This suggested means is applicable whether the laser driver
excitation is pulsed or continuous.

Additionally, the voltage waveform may include a plurality
of spikes therein, which are due to mode-hops, during which
the distribution of radiation inside the cavity is briefly per-
turbed. It was observed experimentally, see “Quantum cas-
cade Laser Intracavity Absorption Spectrometer for Trace
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Gas Sensing,” A. V. Muraviev, D. E. Maukonen, C. J. Fre-
dricksen, Gautam Medhi, and R. E. Peale, Appl. Phys. Lett,
103, 091111 (2013), that the magnitude of these spikes is
maximized when the optical feedback is optimized. Hence,
the spike magnitude constitutes a second potentially useful
error signal, upon which to base an autonomous cavity align-
ment mechanism. This means of autonomous alignment may
work best for pulsed excitation of the active QCL by the laser
driver, since in stable continuous operation, the mode hops
may be absent.

More specifically, the optical cavity may comprise a feed-
back mirror for reflecting electromagnetic radiation back into
the active gain quantum device. The QCL may include at least
one motor coupled to the feedback mirror.

The controller may be coupled to the at least one motor and
align the optical cavity by at least repositioning the feedback
mirror. The controller may dither alignment of the feedback
mirror during the plurality of constant current pulses or dur-
ing the continuous constant current excitation.

Another aspect is directed to an intracavity laser spectrom-
eter. The spectrometer may include a container having at least
one vapor sample therein, and a QCL. The QCL may include
an active QCL crystal having a first reflective facet, a second
emitting facet, and an active region between the first reflective
and second emitting facets. The second emitting facet is for
providing an electromagnetic beam. The QCL may include an
optical system external to the active QCL crystal and provid-
ing optical feedback into the active region of the active QCL
crystal. A container that contains at least one vapor sample
may be positioned inside the external cavity so that the beam
passes through the container. The optical cavity formed by the
reflecting facet and the external optical system is an active
cavity with a circulating electromagnetic beam that passes
repeatedly through the active region of the active QCL crys-
tal. An outcoupling device extracts a portion of this beam for
spectral analysis to observe the effect of the absorption from
the at least one vapor sample on the laser spectrum. The QCL
may also include a driver circuit for driving the active QCL
crystal with a plurality of constant current pulses or with
continuous current excitation. The spectrometer may further
include a controller coupled to the optical cavity and for
selectively aligning the optical cavity based upon at least one
error signal from the active QCL crystal to maintain stable
feedback into the active region of the active QCL crystal.

Another aspect is directed to a method of operating a QCL.
The QCL may include an active gain quantum device having
a first reflective facet, a second emitting facet, and an active
region between the first reflective and second emitting facets,
the second emitting facet for providing an electromagnetic
beam. The QCL may also include an optical system external
to the active QCL crystal, and wherein the optical system
completes the laser cavity. The external active cavity contains
a circulating electromagnetic beam that passes repeatedly
through the active region of the active QCL crystal. A portion
of the electromagnetic beam is emitted via an out-coupling
device. A driver circuit excites the active gain quantum device
with a plurality of constant current pulses or with continuous
current. The method may include selectively aligning the
optical cavity based upon at least one error signal from the
active gain quantum device to maintain stable feedback in the
active gain quantum device.

FIG. 1 discloses an embodiment of an external cavity QCL
system 20, as disclosed in “Quantum cascade Laser Intracav-
ity Absorption Spectrometer for Trace Gas Sensing,” A. V.
Muraviev, D. E. Maukonen, C. J. Fredricksen, Gautam
Medhi, and R. E. Peale, Appl. Phys. Lett. 103,091111 (2013),
the entire contents of which are hereby incorporated by ref-
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erence in their entirety. An infrared open-cavity QCL 27
illustratively includes an active medium device 21 with high-
reflecting (HR) back mirror 284 and anti-reflection (AR)
coated front facet 285, a collimating mirror 22, and plane
mirrors 23a-23b with provision for output coupling. The sys-
tem 20 illustratively includes a scanning Fabry-Perot inter-
ferometer 24 and detector 25 for analyzing the multi-mode
laser emission spectrum with and without analyte vapors 26
in the cavity. Multiple reflections inside the active cavity,
where gain compensates for cavity losses, enable approxi-
mate km effective optical path-lengths. Mode competition
causes a high sensitivity of the spectrum to intracavity
absorbers, which results in excellent sensitivity to trace
vapors based upon their infrared signature bands. High sen-
sitivity is achieved only when the feedback into the active
crystal is optimum and stable.

FIG. 2 is an image 30 of'a QCL. The width of the crystal at
center is about 1 mm, and the length into the plane of the
image is about 4 mm. The active part of the crystal is a layer
that is only about 10 micrometers thick, which is comparable
to the wavelength of the emitted light. When the QCL is
operated with an external cavity, as in FIG. 1, optimal optical
feedback into this thin region is difficult to maintain in the
presence of environmental disturbances, such as vibrations or
temperature fluctuations.

The present disclosure provides a dynamic alignment (DA)
of'the external QCL cavity to maintain optimum optical feed-
back into the laser active element. FIG. 5 shows the voltage
waveforms across the QCL for a ~10 ms pulse of constant
current excitation. When feedback from the external cavity
mirror into the micrometer thick active stripe of the laser is
optimum, the crystal impedance reaches a minimum and
prominent spikes appear due to mode hops. This provides two
possible error signals for use in a DA system. The minimum
value of the transient during the last portion of the laser pulse
(the last 1-2 ms) may be minimized, or the spike amplitude
during the same time window may be maximized, in order to
reach optimal alignment of the system. Applicant has found
that the spikes are due to mode hops, which occur as the active
crystal heats during the excitation pulse. For stable continu-
ous excitation, the mode hops would likely not occur, or be so
infrequent as to be less useful for alignment. The exponential
tail of the transient voltage is an excellent indicator of align-
ment of the cavity mirrors independent of the observation or
frequency of the mode-hop spikes.

Interpolating the QCL voltage waveform with a smooth
baseline from the minimum side of the waveform, thereby
eliminating the spikes, is a potentially valuable method for
determining whether the optimum mirror position is being
maintained (for calibration). The output laser intensity mea-
sured by a detector beyond the output coupler shows spikes in
the same positions, as well as a shift of the baseline, but the
spikes on the detector signal are more difficult to separate
from the baseline. This is potentially due to the relaxation
time of the detecting element or the settling time of its ampli-
fier. For the specific external cavity application shown in FIG.
1, use of the QCL voltage rather than detector voltage has the
advantage that the QCL voltage is not modulated by the
Fabry-Perot interferometer, which is positioned between the
output coupler and the detector.

To implement the alignment, the feedback mirror can be
mounted on a 3-axis mirror mount with piezoelectric actua-
tors. The “Z” axis of the piezoelectric mount gives a deflec-
tion along the optical axis, and the “X” and “Y” axes provide
tip/tilt motion. (This is exactly the same mount as used on the
scanning Fabry-Perot in FIG. 3.) In order to avoid interfer-
ence of the dynamic alignment algorithm with actual analyte
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6

detection (for the intracavity laser absorption spectrometer
application shown in FIGS. 1 and 3), the alignment can be
checked and corrected during select laser pulses, such as one
pulse out of every 1000, during which the piezoelectric
motors will intentionally dither the alignment along orthogo-
nal axes while optimizing the error signal.

Instead of moving the feedback mirror of the external
cavity to adjust the alignment, the collimating optic, which
may be a mirror as in FIGS. 1 and 3 or a lens, or the QCL
crystal itself may be moved with suitable piezoelectric actua-
tors. Or, a combination of these components may be moved.

Ifthe baseline QCL voltage with a sample in the cavity (for
the FIGS. 1 and 3) is not dramatically altered, then it may be
possible to judge alignment quality from fits of the QCL
voltage baseline during the gas-sensing measurements. Addi-
tional pulses used only for alignment purposes would not be
necessary in that case. In FIG. 3, a photographic image 40
shows the external cavity QCL sensor system of FIG. 1 illus-
tratively including a QCL crystal 41, a parabolic mirror 42,
mode-limiting apertures 43, a vapor cell 44, an output coupler
45, a scanning Fabry-Perot 46, a detector 47, and a source of
analyte vapor 48.

For the system of FIGS. 3 and 4, the QCL voltage has been
sampled at 1 MHz, with 20 consecutive points being aver-
aged. Such averaging reduces the 9000 points collected in 9
ms to 450 points. Scanning the Fabry-Perot over its entire
range in 450 steps gives a square 450 by 450 array. Using an
amplifier with a higher bandwidth allows sampling of the
QCL voltage at 1 MHz or greater, giving the potential for
measuring fast changes over the course of each pulse. That
would be useful for alignment if it is possible to get useful
information from dithering of the mirror during a single
pulse.

The adjustment of the feedback mirror position for
dynamic alignment during the pulse must change the devel-
opment of the laser emission spectrum during the pulse. This
gives a potentially third source of an error signal for align-
ment, in addition to the QCL voltage level and the magnitude
of the mode-hop voltage spikes. A limiting factor in the sys-
tem of FIG. 3 is that the control voltages fed to the piezoelec-
tric motors come from the CRIO analog output module (as
available from National Instruments Corporation of Austin,
Tex.) (FIG. 4), which has a maximum update rate of 25 kHz.
There are faster DACs available, though, so it is not out of
reach to make measurements every microsecond and update
the control voltages to the piezoelectric motors on a similar
time scale.

The present disclosure relates to methods and systems for
active dynamic alignment of an external cavity QCL system.
Such a system includes a QCL-active crystal with a high-
reflecting back mirror and an anti-reflection coated front
facet, the laser-active crystal producing a beam, an optic to
collect and collimate the beam emerging from the laser-active
crystal, and a feedback mirror to back reflect the beam and
complete the optical cavity ofthe laser system. An error signal
is derived from the voltage across the QCL crystal for con-
stant current excitation, the voltage depending on the crystal
impedance. And/or an error signal may be obtained from the
magnitude of spikes due to mode hops on the voltage applied
to the crystal during constant current excitation. And/or, an
error signal may be obtained from suitably imaged spatial
mode patterns. And/or, an error signal may be obtained from
the laser emission spectrum, and/or the spectral mode pattern
in the spectrum. Any or all of these potential error signals may
be used to achieve automatic adjustment of laser mount,
collimating optic, and/or cavity mirror, in order to minimize



US 9,250,130 B2

7

the error signal and thereby optimize the external cavity
alignment to achieve optimal feedback in the active gain
region of the QCL crystal.

Referring now additionally to FIG. 6, a QCL 70 according
to the present disclosure is now described. The QCL 70 illus-
tratively includes a QCL crystal (i.e. an active gain QCL
crystal) 71 having a first reflective facet (FIG. 4: 81aq), a
second emitting facet (FIG. 4: 815), and an active region
between the first reflective and second emitting facets. Other
embodiments may include double sided systems with a plu-
rality of emitting facets.

The second emitting facet 285 is for providing an electro-
magnetic beam. The QCL 70 illustratively includes a feed-
back mirror 54 that completes the optical cavity 72. The
feedback mirror 54 is external to the QCL crystal 71. The
feedback mirror 54 may also function as an output coupler for
emitting a portion of the beam circulating in the external
cavity and through the QCL crystal 71. A QCL driver circuit
74 excites the QCL crystal 71 with a plurality of constant
current pulses, or with continuous constant current.

Also, the QCL 70 illustratively includes a QCL thermo-
electric controller (FIG. 4: 60) coupled to the QCL crystal 71.
The QCL 70 illustratively includes a controller 73 coupled to
the optical cavity 72 and for selectively aligning the optical
cavity based upon at least one error signal from the active
crystal 71 to maintain stable feedback in the QCL crystal.

Referring briefly and additionally to FIG. 5, a diagram 65
illustrates a voltage waveform across the QCL crystal 71.
Curve 66 illustrates such a waveform with improper align-
ment and poor optical feedback into the active region of the
QCL crystal 71. Curve 67 illustrates such a waveform with
optimum alignment and optical feedback in the active region
of'the QCL crystal 71. In some embodiments, the at least one
error signal may comprise a voltage waveform across the
QCL crystal 71 based upon a varying impedance of the QCL
crystal. Additionally, the voltage waveform may include a
plurality of spikes 68a-68¢ due to mode-hops during a con-
stant current excitation, and the controller 73 may selectively
align the cavity feedback mirror 54 based upon the magnitude
of spikes 69a-69c¢ in the plurality of mode-hops. The control-
ler 73 may selectively align the cavity feedback mirror 54
based upon a minimum value in the voltage waveform during
a constant current pulse. In other embodiments, the error
signal could comprise the spatial mode pattern of the electro-
magnetic radiation in the optical cavity, and/or the spectrum
of the electromagnetic radiation in the optical cavity.

Referring briefly and additionally to FIG. 4, the gas cell 72
is not a necessary component of the current invention. The
optical cavity may comprise a feedback mirror 54 for reflect-
ing electromagnetic radiation back into the QCL crystal 71.
The QCL 70 may include at least one motor 58 coupled to the
feedback mirror 54.

The controller 73 may be coupled to the at least one motor
58 and align the optical cavity by at least repositioning the
feedback mirror 54. The controller 73 may dither alignment
of the feedback mirror 54 during the plurality of constant
current pulses. In other embodiments, the motor 58 may be
coupled to the QCL crystal 71 or a collimating mirror to
adjust the optical cavity.

In other embodiments, the feedback mirror 54 may be
replaced with a diffraction grating, which reflects a narrow
range of wavelengths back into the QCL crystal 71, and also
achieves the output coupling. The diffraction grating is used
for tunable wavelength selection. In these embodiments, the
diffraction grating would be dynamically and autonomously
aligned based upon the error signal comprising the spectrum
of'the electromagnetic radiation in the optical cavity. Also, the
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QCL 70 may further comprise an interferometer 55a-55b
(e.g. a Fabry-Perot interferometer) for receiving the output of
the external cavity QCL 70, and an optical detector 56 that
collects light transmitted by the interferometer.

Referring again to FIG. 4, another aspect is directed to a
spectrometer 50. The spectrometer 50 may include a con-
tainer 72 having at least one vapor sample therein, and inter-
nal to the cavity of the external cavity QCL 70. The external
cavity QCL 70 may include a QCL crystal 71 having a first
reflective facet 814, a second emitting facet 815, and an active
region between the first reflective and second emitting facets.
The second emitting facet 815 is for providing an electromag-
netic beam that circulates within the external cavity formed
by the first reflective facet and the feedback mirror 54. The
external cavity QCL 70 may include a gas cell 72 within the
external cavity QCL 70 and being coupled to a vapor sample
compartment 52 to permit and control the flow of the at least
one vapor analyte sample. The external cavity QCL 70 may
also include a driver circuit 74 for exciting optical gain in the
QCL crystal 71 with a plurality of constant current pulses, or
with continuous constant current. The spectrometer 50 may
further include a piezo driver 58 which is directed by a con-
troller 73, which is coupled to the external cavity’s feedback
mirror 54 and for dynamically and autonomously aligning the
optical cavity based upon at least one error signal from the
QCL crystal 71 to maintain stable feedback into the active
region of the QCL crystal 71.

Another aspect is directed to a method of operating an
external cavity QCL 70. The external cavity QCL 70 may
include a QCL crystal 71 having a first reflective facet, a
second emitting facet, and an active region between the first
reflective and second emitting facets, the second emitting
facet for providing an electromagnetic beam. The external-
cavity QCL 70 may also include gas cell 72 being inside the
external cavity 70, and a driver circuit 74 for driving the QCL
crystal with a plurality of constant-current pulses or with
continuous constant current. The method may include
dynamically and autonomously aligning the external optical
cavity 70 based upon at least one error signal from the QCL
crystal 71 to maintain stable feedback in the QCL crystal.

In the following, the disclosed embodiments of the QCL
may be applied to the file of planetary science, for example.
The need to detect trace vapors in planetary science is com-
pelling. Trace pollutants skew atmospheric chemistry on
Earth by controlling reaction rates. Trace vapors are markers
for potential life on apparently sterile solar system objects,
such as Mars. In particular, there is need for local sensors to
replace column or limb averaging over many kilometers.
Local vapor sensors provide opportunity to seek life or
resources at localized sources, such as vents or plumes. The
sensor shown schematically in FIG. 1 and photographically in
FIG. 3 is a sensor for localized trace gases with demonstrated
ppb sensitivity. The subject invention of dynamic self-align-
ment can compensate for vibrations and thermal deformation
in remote harsh environments, such as would be encountered
in planetary exploration.

The sensor depicted in FIGS. 1 and 3 can detect localized
trace gases with demonstrated ppb sensitivity, as disclosed in
“Quantum cascade laser intracavity absorption spectrometer
for trace gas sensing,” A. V. Muraviev, D. E. Maukonen, C. J.
Fredricksen, Gautam Medhi, and R. E. Peale, Appl. Phys,
Lett. 103, 091111 (2013).

Many modifications and other embodiments of the present
disclosure will come to the mind of one skilled in the art
having the benefit of the teachings presented in the foregoing
descriptions and the associated drawings. Therefore, it is
understood that the present disclosure is not to be limited to
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the specific embodiments disclosed, and that modifications
and embodiments are intended to be included within the
scope of the appended claims.

That which is claimed is:

1. A quantum cascade laser (QCL) comprising:

a QCL crystal having at least one emitting facet, and an
active region adjacent said at least one emitting facet,
said at least one emitting facet for providing an electro-
magnetic beam;

an optical cavity comprising at least one mirror being
external to said QCL crystal, and for redirecting the
electromagnetic beam into the active region of said QCL
crystal to provide optical feedback;

adriver circuit for driving said QCL crystal with a constant
current; and

a controller coupled to said optical cavity and for dynami-
cally and autonomously aligning said optical cavity
based upon at least one error signal from said QCL
crystal to maintain stable the optical feedback in said
active region of said QCL crystal.

2. The QCL of claim 1 wherein the constant current com-

prises a plurality of constant current pulses.

3. The QCL of claim 1 wherein the at least one error signal
comprises a voltage waveform across said QCL crystal based
upon a varying impedance of said QCL crystal.

4. The QCL of claim 3 wherein the voltage waveform
includes a plurality of spikes due to mode-hops during appli-
cation of the constant current to said QCL crystal; and

wherein said controller dynamically and autonomously
aligns said optical cavity based upon magnitudes of the
plurality of spikes.

5. The QCL of claim 3 wherein said controller dynamically
and autonomously aligns said optical cavity based upon a
minimum value in the voltage waveform during application
of the constant current to said QCL crystal.

6. The QCL of claim 1 wherein said QCL crystal comprises
areflecting facet adjacent said active region and opposite said
at least one emitting facet; wherein said at least emitting face
has an anti-reflection coating thereon; wherein said optical
cavity comprises a feedback mirror external to said QCL
crystal; and further comprising at least one motor coupled to
control said optical cavity to achieve feedback.

7. The QCL of claim 6 wherein said controller is coupled to
said at least one motor and aligns said optical cavity by at least
repositioning said feedback mirror.

8. The QCL of claim 6 wherein said controller dithers
alignment of said feedback mirror during application of the
constant current to said QCL crystal.

9. The QCL of claim 1 further comprising at least one
motor coupled to control said optical cavity to achieve feed-
back; wherein said eternal cavity further comprises a colli-
mating optic; and wherein said controller is coupled to said at
least one motor and aligns said optical cavity by at least
repositioning said collimating optic.

10. The QCL of claim 1 further comprising at least one
motor coupled to control said optical cavity to achieve feed-
back; and wherein said controller is coupled to said at least
one motor and aligns said optical cavity by at least reposi-
tioning said QCL crystal.

11. The QCL of claim 1 further comprising:

an interferometer for receiving the output of said optical
cavity; and

an optical detector coupled to said interferometer.

12. A spectrometer comprising:

a container having at least one vapor sample therein;

a quantum cascade laser (QCL) comprising
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a QCL crystal having at least one emitting facet, and an
active region adjacent said at least one emitting facet,
said at least one emitting facet for providing an elec-
tromagnetic beam,

an optical cavity comprising at least one mirror being
external to said QCL crystal, and for redirecting the
electromagnetic beam into the active region of said
QCL crystal to provide optical feedback,

said container being positioned to allow the electromag-
netic beam within said optical cavity to pass through
said container,

aportion of the electromagnetic radiation to be extracted
from said optical cavity for spectral analysis to deter-
mine absorption by the at least one vapor sample in
said container, and

a driver circuit for driving said QCL crystal with a con-
stant current; and

a controller coupled to said optical cavity and for
dynamically and autonomously aligning said optical
cavity based upon at least one error signal from said
QCL crystal to maintain stable the optical feedback in
said active region of said QCL crystal.

13. The spectrometer of claim 12 wherein the constant
current comprises a plurality of constant current pulses.

14. The spectrometer of claim 12 wherein the at least one
error signal comprises a voltage waveform across said QCL
crystal based upon a varying impedance of said QCL crystal.

15. The spectrometer of claim 14 wherein the voltage
waveform includes a plurality of spikes due to mode-hops
during application of the constant current to said QCL crystal;
and wherein said controller dynamically and autonomously
aligns said optical cavity based upon magnitudes of the plu-
rality of spikes.

16. The spectrometer of claim 14 wherein said controller
dynamically and autonomously aligns said optical cavity
based upon a minimum value in the voltage waveform during
application of the constant current to said QCL crystal.

17. The spectrometer of claim 12 wherein said QCL crystal
comprises a reflecting facet adjacent said active region and
opposite said at least one emitting facet; wherein said at least
emitting face has an anti-reflection coating thereon; wherein
said optical cavity comprises a feedback mirror external to
said QCL crystal; and further comprising at least one motor
coupled to control said optical cavity to achieve feedback.

18. The spectrometer of claim 17 wherein said controller is
coupled to said at least one motor and aligns said optical
cavity by at least repositioning said feedback mirror.

19. The spectrometer of claim 17 wherein said controller
dithers alignment of said feedback mirror during application
of the constant current to said QCL crystal.

20. The spectrometer of claim 12 wherein said QCL com-
prises at least one motor coupled to control said optical cavity
to achieve feedback; wherein said eternal cavity further com-
prises a collimating optic; and wherein said controller is
coupled to said at least one motor and aligns said optical
cavity by at least repositioning said collimating optic.

21. The spectrometer of claim 12 wherein said QCL com-
prises at least one motor coupled to control said optical cavity
to achieve feedback; and wherein said controller is coupled to
said at least one motor and aligns said optical cavity by at least
repositioning said QCL crystal.

22. A method of operating a quantum cascade laser (QCL)
comprising a QCL crystal having at least one emitting facet,
and an active region adjacent the at least one emitting facet,
the at least one emitting facet for providing an electromag-
netic beam, an optical cavity comprising at least one mirror
being external to the QCL crystal, and for redirecting the
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electromagnetic beam into the active region of said QCL
crystal to provide optical feedback, and a driver circuit for
driving the QCL crystal with a constant current, the method
comprising:

dynamically and autonomously aligning the optical cavity

based upon at least one error signal from the QCL crystal
to maintain stable the optical feedback in the active
region of the QCL crystal.

23. The method of claim 22 wherein the constant current
comprises a plurality of constant current pulses.

24. The method of claim 22 wherein the at least one error
signal comprises a voltage waveform across the QCL crystal
based upon a varying impedance of the QCL crystal.

25. The method of claim 24 wherein the voltage waveform
includes a plurality of spikes due to mode-hops during appli-
cation of the constant current to the QCL crystal; and further
comprising dynamically and autonomously aligning of the
optical cavity is based upon magnitudes of the plurality of
spikes.

26. The method of claim 24 further comprising dynami-
cally and autonomously aligning the optical cavity based
upon a minimum value in the voltage waveform during appli-
cation of the constant current to the QCL crystal.

27. The method of claim 22 wherein the QCL crystal com-
prises a reflecting facet adjacent the active region and oppo-
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site the at least one emitting facet; wherein the at least emit-
ting face has an anti-reflection coating thereon; wherein the
optical cavity comprises a feedback mirror external to the
QCL crystal; and further comprising using at least one motor
coupled to control the optical cavity to achieve feedback.

28. The method of claim 27 wherein the dynamically and
autonomously aligning of the optical cavity comprises repo-
sitioning the feedback mirror with the at least one motor.

29. The method of claim 27 further comprising dithering
alignment of the feedback mirror during application of the
constant current to said QCL crystal.

30. The method of claim 22 further comprising using at
least one motor coupled to control the optical cavity to
achieve feedback; wherein the eternal cavity further com-
prises a collimating optic; and further comprising using the at
least one motor to align the optical cavity by at least reposi-
tioning the collimating optic.

31. The method of claim 22 further comprising:

using at least one motor coupled to control the optical

cavity to achieve feedback; and

using the at least one motor to align the optical cavity by at

least repositioning the QCL crystal.
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